Abstract. During the cruise ANT VII/I (September/October 1988) of the German research vessel Po/arstern the latitudinal distributions of several nonmethane hydrocarbons were measured over the Atlantic between 45" N and 30' S by in-situ gas chromatography.
Introduction
The photochemical oxidation of CO, methane, and light NMHC in the atmosphere affects the production and destruction of ozone depending on the concentration of NO. Furthermore, NMHC may determine up to 30% of the concentration of the OH radical in the remote marine troposphere (Liu et aI., 1989; Donahue and Prinn, 1990) . While the large-scale distributions of CO and CH 4 are reasonably well known (cf. Schmidt et al., 1982) , most of the NMHC show a considerable variability in their tropospheric mixing ratios (Rudolph and Ehhalt, 1981; Rasmussen and Khalil, 1982; Singh and Salas, 1982; Rudolph et al., 1982; Rudolph et aI., 1984; Bonsang and Lambert, 1985; Greenberg and Zimmermann, 1984; Ehhalt et al., 1985; Rudolph, 1988; Rudolph and Johnen, 1990) . The mixing ratios of the longer-lived compounds exhibit a number of systematic variations, whereas the distribution of the shorter-lived species show a considerable variability in these measurement series. In general, the NMHC mixing ratios in the remote troposphere are well below 1 ppb. Results of recent measurement series (cf. Rudolph and Johnen, 1990 , and references therein) confirm that many light NMHC have substantial oceanic sources. Measurements in the surface water of the ocean show that light NMHC are supersaturated relative to the atmosphere (e.g. Bonsang et aI., 1988; Plass et al., 1992) . In this paper, we provide measurements conducted over the mid-Atlantic between 45°Nand 30°S and estimate the contribution of the oceanic NMHC source based on emission rates calculated from measurements in surface water and reported in Plass et al. (1992) .
Experiment
The light NMHC were measured by in-situ gas chromatography. The instrument was installed in a container on the port side of the navigation deck about 20 m above sea level. The air intake line extended about 4 m beyond the hull of the ship in order to avoid contamination by ship emissions. In cases where relative wind direction and velocity indicated possible contamination from the ship, the measurements have been rejected (details of the sampling location, wind directions, etc., are given by Platt et al. (1992». The stainless steel line (10 mm ID) was permanently flushed with outside air at a flow rate of 30 dm 3 min-I to minimize wall losses and contaminations.
The samples were preconcentrated at liquid nitrogen temperature on a precolumn packed with porous glass beads from 1.5 to 3.5 dm 3 (STP) of air. The samples were injected into a gas chromatograph, where the light fraction (C Z -C 4 ) was separated on a packed column (6 m, 2 mm ID, Porapack OS, 100/120 mesh) and the heavy fraction (CS-C IO ) on a fused silica column (DB5, 60 m, 0.32 mm ID). The hydrocarbons were measured by a flame ionization detector (HO). The technique is very similar to the one described by Rudolph et al. (1986) . The analog signal of the FID was digitized and acquired by a personal computer using commercial chromatography software. The data were stored on tape for later processmg.
The atmospheric mixing ratios were calculated by comparing the sample with a reference air of known composition. The mixing ratios of the different hydrocarbons in the reference air were in the range of a fraction of a ppb to a few ppt, comparable with the levels in ambient air. The reproducibility of the measurements was about 10% for the C 2 hydrocarbons and 30% for the C 3 and C 4 hydrocarbons. These reproducabilities were determined from several measurements of reference air samples made during the whole cruise. Therefore, it includes all factors which effect the sensitivity of the system over a period of about one month. The lower limit of detection was 5-10 ppt. The lower limit of detection was given by the baseline noise of the HO, which was increased by the motion of the ship due to the change of the flame position relative to the collector electrode. In order to reduce this noise, a second FIO was operated at the same conditions using carrier gas only. Ship motion induced the same noise signals in this FlO as in the primary detector. Subtraction of the signals substantially reduced the noise level induced by the motion of the ship. The time required for one measurement including the preconcentration step was 3 h. The instrument allowed automatic, unattended operation for 24 h a day. With the exception of periods for testing, calibration and maintenance of the instrument measurements were made continuously.
Carbonmonoxide was measured with a commercial reduction gas analyser (RGA 3, Trace Analytical Inc.). One measurement was made every 15 min. Additionally, whole air grab samples were taken two times a day, which were later analysed for CO. However, relative to the in-situ measurements the CO measurements from the grab samples showed nearly a factor of 2 higher concentrations, which is not yet understood, but probably due to calibration problems. Therefore, we can only discuss a relative latitudinal CO distribution.
The cruise started on 15 September 1988 at Bremerhaven, West Germany and ended on 9 October 1988 at Rio Grande do Sui, Brazil. Between 30· Nand 30· S the cruise track followed 30· western longitude (cf. Platt et al., 1992) . The measurements cover the period from 18 September 1988 (45· N) to 5 October 1988 (30· S).
Results
Ninety-two measurements of light NMHC were made during this cruise of RV Polarstern (ANT VII/I), 4 of which had to be rejected due to suspected contamination by the ship's exhaust (see above). For the other measurements the relative wind speed and direction showed that the sampled air was free from any possible influence of ship emissions. The measured mixing ratios of ethane, propane, ibutane, n-butane, ethene and acetylene are plotted in Figures Ia-f as a function of latitude. All measurements of the Cz-hydrocarbons gave values well above the detection limit with a reproducibility of about 10%. Analysis of the CJ-hydrocarbons proved to be difficult due to an interference with the water peak in the chromatograms. Propene was still detectable in 40% of the chromatograms, but in most cases an additional interference with an unknown peak was observed. Consequently, in these cases propene could not be evaluated quantitatively, and is therefore not included in the further discussion. Propane was detectable in 45% of the chromatograms with a reproducibility of about 30%. Due to technical problems the first measurements of butane started at 40· N. Only for about 50% of the measurements the i-and n-butane concentrations were above the detection limit. ...~d
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Discussion

The Latitudinal Distribution ofEthane
The by far most abundant NMHC in the remote marine troposphere is ethane. It showed no significant interhemispheric difference in this measurement series.
Average mixing ratios were 605 ± 189 ppt in the Northern Hemisphere and 500 ± 117 ppt in the Southern Hemisphere. However, there are a number of major structures in the latitudinal ethane distribution which are primarily caused by transport. Between 35°Nand 20°N ethane showed relatively Iow mixing ratios. These are obviously due to the meteorological situation. The air masses were advected by a stable high pressure region over the Atlantic. Four-day backward trajectories on the 850 hPa level indicated that the air masses had no contact with continents for several days ( In this region (20 0 N-8°N) the mixing ratios increased again. A maximum was observed just north of the ITCZ of about 900 ppt. In the ITCZ ethane levels decreased by a factor of 3 but increased again just south of the equator. This increase is most probably due to the impact of emissions from biomass burning on the sampled air masses. Similar increases can also be seen for other tracers of biomass burning such as acetylene (see Figure If) , CO and some other trace gases. As a consequence of the photochemical oxidation of these tracers elevated 03 mixing ratios were measured (Smit et al., 1990) . These results also agree with the data published by Fishman et al. (1990) , who reported tropospheric ozone distributions determined from satellite data between 1979 and 1987. For the period September to November, they found an area of significantly elevated 0 3 mixing ratios over the mid-Atlantic between 5°Sand 25 0 S. With increasing southern latitudes ethane showed a quite steady decrease to about 350 ppt at 300 S. There are a number of measurement series of ethane in the marine background atmosphere, from over the Atlantic and over the Pacific (Bonsang and Lambert, 1985; Blake and Rowland, 1986; Ehhalt et al., 1985; Rasmussen and Khalil, 1982; Rudolph and Ehhalt, 1981; Rudolph et al., 1982; Rudolph et al., 1884; Rudolph and Johnen, 1990; Singh and Salas, 1982) . However, in order to compare the different latitudinal distributions, we have to consider the existence of substantial seasonal cycles of ethane both in the Northern and in the Southern Hemispheres (Blake and Rowland, 1986; Rudolph et al., 1989) . For the Pacific, Blake and Rowland (1986) published latitudinal distributions of ethane for September 1984 and March 1985. In the September measurements, ethane mixing ratios were below 1 ppb in the Northern Hemisphere and around 400 ppt in the Southern Hemisphere. On the other hand, for March, they report ethane mixing ratios up to 2.5 ppb in the Northern and less than 200 ppt in the Southern Hemispheres. This agrees with our Atlantic data for March/April 1987 (Rudolph and Johnen, 1990) and September/October 1988 (Table I) . Another data set showing the seasonal variation of ethane in the Southern Hemisphere is published by Rudolph et al. (1989) . These data collected over a period of 4 years at the Georg-von-Neumeyer station, Antarctica, clearly show the existence of a seasonal cycle with highest mixing ratios occurring in September and lowest mixing ratios between January and March. Also, the absolute values correspond very well to the values given by Blake and Rowland (1986) and our measurements: 450 ppt in September and 300 ppt in March. Due to the mean atmospheric lifetime, ethane seems to be reasonably well mixed in the remote troposphere. Therefore, our average mixing ratios seem to be representative for the Southern Hemisphere at this season.
The Distributions ofEthene, Propane, and Acetylene
The latitudinal structures shown by most of the other NMHC are in some aspects similar to the distribution of ethane, but also significant differences can be seen. Ethene and propane showed regions of highest mixing ratios around 45°N (about 100 and 700 ppt, respectively) and also somewhat elevated levels just north of the ITCZ (about 50 ppt and 150 ppt, respectively). Low mixing ratios of only some 10 ppt were observed for both compounds between 20' Nand 30°N and in the ITCZ. However, they exhibited no increase south of the equator and for both compounds a substantial interhemisphere difference could be seen (cf. Table I ). Also the relative gradients are much steeper than for ethane.
The i-and n-butane data set is too limited to allow a detailed discussion, but the range of increased mixing ratios directly north of the ITCZ is rather pronounced for both compounds.
The distribution of acetylene differed in many aspects from those of the other NMHC, but it still showed some of the features visible in the ethane profiles. The highest acetylene values of about 200 ppt were found around 40°N and there was a minimum of about 30 ppt in the ITCZ. But there is little evidence for a minimum between 20' Nand 30°N and a maximum directly north of the ITCZ. The pronounced increase directly south of the equator is also visible for acetylene, but differs in shape from ethane. The range of elevated mixing ratios is primarily restricted to a narrow latitude band of less than 10°and from 10°S towards higher latitudes the decrease is only rather small.
The acetylene mixing ratios and latitudinal gradients are both comparable with the data published by Robinson (1978) who found C 2 H 2 mixing ratios in the Northern Hemisphere between 300 ppt at 50' Nand 50 ppt at the equator. The decrease with latitude found in our measurements is a factor of 2 lower than the gradient reported by Rudolph and Ehhalt (1981) for January/February 1979 and by Rudolph et al. (1984) for FebruarylMarch 1983. Furthermore, on the average the absolute mixing ratios differ by a factor of 2, which probably indicates a seasonal variation in the Northern Hemisphere. Jones (1988) reports a seasonal cycle of acetylene at Harwell, Great Britain, with mixing ratios in January/February being a factor of 3 higher than in September/October. Measurements of acetylene in Antarctica showed a seasonal cycle in the Southern Hemisphere. with highest mixing ratios occurring between August and October (Rudolph et aI., 1989) . Similar latitudinal patterns can be seen for CO. Figure 3 shows a plot of CO versus C 2 H 2 • In this plot different symbols are used for the measurements in the Northern and Southern Hemispheres. The CO data used here are the results from the in-situ measurements since this is the most complete data set. Calculation of a linear regression yields However, due to calibration problems the absolute value for the slope and the axis intercept may be wrong by a factor of two. The background CO mixing ratio of 72 ppb in the Northern Hemisphere is about twice the CO-background of about 35 ppb, which arises from calculations for the case of photostationary state conditions for CO with the oxidation of CH 4 as the sole source of CO and the reaction with OH as the sole sink (Seiler et al., 1984; Warneck, 1988) . The CO/C 2 H 2 ratio agrees fairly well with the ratios we can expect from the dominant sources in the Northern Hemisphere and the Southern Hemisphere, respectively. In the Northern Hemisphere the dominant source for CO and C 2 H 2 is fossil fuel combustion, in the Southern Hemisphere biomass burning. From the CzH z emission estimates (Ehhalt and Rudolph, 1984) and the CO source estimates (Logan et al., 1981) we can calculate a global average CO/C 2 H z ratio of about 300 for the fuel combustion and about 1100 for biomass burning.
The Contribution afOceanic Emissions to the Atma.\pheric NMHC Levels
In order to determine the contribution of oceanic emissions we use a simple onedimensional model which uses the ocean as the sole NMHC source. We adopted the f1uxes calculated by Plass et al. (1992) from NMHC measurements in the ocean surface water during the same ship cruise. The f1uxes were calculated using the model of Liss and Merlivat (1986) . Between sea level and 12 km altitude the troposphere is divided into 20 levels, 10 of which cover the planetary boundary layer. The lowest levels have a thickness of 25 m, the uppermost 1000 m. The atmospheric removal is driven by the reaction with the OH radical, in the case of the alkenes also by the reaction with 0 3 , The rate coefficients were taken from Atkinson (1986) and Atkinson et al. (1989) , respectively. Temperature and pressure profiles were taken from the US Standard Atmosphere (1966) . The model uses a prescribed OH profile and diurnal cycle. For the surface level the OH concentration was calculated with a simple algorithm using the following input parameters: pressure; temperature; relative humidity; photolysis frequencies of 03' NO z and HCHO; concentrations of 03' CO, HCHO and the concentrations of NO z assuming photostationary state conditions (T. Brauers, private communication). The necessary parameters have been measured during the cruise (meteorological data, photolysis frequencies and 0J concentrations: cf. Platt et aI., 1992 ; NO z concentrations: cf. Rohrer and Briining, 1992; HCHO concentrations: cf. Harris et aI., 1992) . For this calculation the CO concentrations from grab samples have been used since for these measurements the calibration is assumed to be better than for the in-situ measurements. The uncertainty of the emission rates is assumed to be less than a factor of 2 (Plass et aI., 1992) . The shape of the vertical OH profile was adopted from Chameides and Cicerone (1978) . For the diurnal cycle of OH a sinoid curve was used. The shape of the vertical OH distribution and diurnal cycle are shown in Figure 4 (a) and (b) together with the profile of the eddy diffusion coefficient (Fishman and Carney, 1984) , (Figure 4 (c». Our model does not include convective cloud transport and, thus, is not adequate for the ITCZ. The average 0J mixing ratios and profiles were taken from Smit et al. (1990) (Figure 4 measured mixing ratios (ITCZ to 35 0 N for the Northern Hemisphere, equator to 300 S for the Southern Hemisphere). The oceanic emissions of shortlived alkanes like n-butane can account for only less than 10% of the atmospheric mixing ratios, a consequence of the rather low oceanic emissions. The agreement between calculated and measured ethene mixing ratios is very good. On the average the atmospheric removal seems to be well balanced by oceanic emissions.
The results for the Southern Hemisphere reflect the lower oceanic emission rates in the southern Atlantic (Plass et al., 1992) . For ethane and propane oceanic emissions account for about 20%, for n-butane for less than 10%. The mainly continental origin of these compounds is still visible. Oceanic ethene emission contributes about 70% to the atmospheric concentration. Since the oceanic acetylene source is negligible, there is no significant contribution of this source to the tropospheric levels.
Surprisingly enough, there seems to be a substantial contribution to the observed tropospheric ethane and propane levels by oceanic emissions. However, we have to consider that our simple model neglects possible changes of the model parameters with season, especially of the NMHC sources and sinks. For compounds with atmospheric residence times which are comparable to the timescale of such changes, this may cause significant errors. We do not know the seasonal variability of the oceanic NMHC sources, but we can esitmate the seasonality of the main sink, namely the OH removal reaction. In order to get an idea about the magnitude of the possible effect of the seasonal variability of OH, we ran our model through complete seasonal cycles. We used the seasonal change of the OH radical concentration given by Volz et al. (1981) for 30 0 latitude but scaled it to match our OH estimate for September/October in order to be compatible with our calculation including only the diurnal cycle. The results for ethane and propane are given in Figures 6 and 7 , which show the seasonal cycles for both hemispheres resulting from these calculations. In the Northern Hemisphere, both ethane and propane mixing ratios in September/October are considerably lower and, in the Southern Hemisphere, only slightly higher than calculated for steady-state conditions. These results seems to be more appropriate for discussing the contribution of oceanic emissions of these compounds to their atmospheric levels. In the Northern Hemisphere oceanic emission of ethane and propane accounts for about 70% of the atmospheric level, in the Southern Hemisphere for 20-25%.
The measured ethene mixing ratios agree on average with those calculated for steady state with oceanic emissions. They do not explain the observed structures in the atmospheric ethene distributions. To simplify the calculations, we used a box model which only represents the marine boundary layer in order to evaluate the atmospheric ethene budget as a function of latitude. From the one-dimensional calculations it can be concluded that the error in the atmospheric ethene removal is small if a boundary layer of 2 km altitude is considered (Smit et al., 1990) . For the atmospheric removal of ethene, only the reaction with OH was considered. The removal by the reaction with ozone was neglected here as it contributes with less than 20% to the total ethene destruction. Thus, the atmospheric ethene removal can simply be calculated from the estimated OH radical concentration (see above) and the measured atmospheric ethene concentration extrapolated over the boundary layer. The error of the calculated ethene removal in the atmosphere is the sum of a number of individual errors. The reproducibility of the atmospheric ethene measurements is about 10%, the variation of the height of the planetary boundary layer was about 30%. The calculation of the OH concentration has an uncertainty of a factor of up to 2. The total error is increased by the fact that for both OH and C 2 H 4 no gradient in the PBL was considered. Therefore both concentrations may be overestimated by 30%. Thus, the total uncertainty of the atmospheric removal rate for ethene may occasionally be as high as a factor of 2.
Figures 8 gives both the oceanic emission (Plass et al., 1992) and atmospheric destruction of ethene as a function of latitude. This plot shows that for a large latitude range, the oceanic emissions balanced the atmospheric destruction within the error limits. However, there are three latitude bands where the atmospheric removal considerably exceeded the oceanic emissions. In the latitude range between 15 0 N and the ITCZ, this is explained as mentioned above by the advection of airmasses from the African continent (see Figure 2) . This results in increased ethene concentrations and, consequently, in higher atmospheric removal rates. The somewhat smaller but still significant deviations around the equator and at 20 0 S are not yet understood. In general, the oceanic ethene emissions in the Southern Hemisphere were considerably lower than in the Northern Hemisphere. This indicates that the difference in the average ethene mixing ratios of a factor of 2 between the Northern and Southern Hemispheres is primarily due to the difference in the oceanic emission rates.
Conclusions
The latitudinal distributions of several NMHC measured during September/Octob.er 1988 showed a number of structures, which could be assigned to four different conditions. North of 35°N the measured NMHC patterns indicated continentally influenced airmasses. Between 35°N and about 20°N all NMHC showed very low mixing ratios and the typical pattern of aged airmasses. Analysis of the weather maps indicated that the airmasses had no contact with the continents for several days. North of the ITCZ, the pattern of the different NMHC changed accompanied by an considerable increase of all NMHC. Backward trajectories showed a recent contract of the airmasses with the African continent. South of the equator, the NMHC patterns changed again and tracers of biomass burning such as acetylene, CO, and ethane increased over a latitude range of about 10°followed by a decrease towards increasing southern latitudes. This region of enhanced long-lived NMHC coincides in season and location with the area of elevated tropospheric ozone observed by Fishman et al. (1990) . Since the pattern of the NMHC and other trace gases indicate aged biomass burning emissions, this supports the assumption that this area of increased tropospheric ozone is due to biomass burning. The observed latitudinal distributions of light NMHC over the Atlantic also indicate that the observed compounds (with the exception of acetylene) are at least partly emitted by oceanic sources. Budget calculations show that the measured atmospheric ethene mixing ratios can be explained by oceanic emissions, since the removal of ethene is, in general, balanced by oceanic emissions.
While the contribution of oceanic emissions for ethane and propane seems to be more than 20%, for n-butane oceanic emissions can only account for less than 10% of the atmospheric concentrations. Oceanic sources are negligible for acetylene. For ethane it is noteworthy that there is a significant hemispheric difference in the oceanic emission rates. However, our results indicate that there is a large contribution of biomass burning emissions, especially in the Southern Hemisphere. The seasonal cycle of this source seems to a large extent contribute to the change in the ethane level with season over the Atlantic.
The acetylene distribution is completely determined by long-range transport from continents. Comparison of the long-lived species like ethane and acetylene with a previous measurement series at a different season (cf. Rudolph and Johnen, 1990) , gives evidence for seasonal variations in both hemispheres at practically all latitudes with minima in the respective late summer and maxima in late winter.
Although for the long-lived species some systematic trends are noticeable, our knowledge of the distributions of short-lived species with considerable oceanic sources and their possible seasonal variability is still incomplete. From our results, it seems justified to conclude that the concentrations of the reactive alkenes are primarily due to oceanic emissions and only occasionally due to long-range transport episodes.
